Introduction
Intracellular K + /Na + homeostasis is crucial for cell metabolism and is considered to be a key component of salinity tolerance in plants (Niu et al., 1995; Maathuis and Amtmann, 1999; Shabala, 2000; Hasegawa et al., 2000; Tester and Davenport, 2003; Volkov et al., 2004; Chen et al., 2007) . In order to maintain an optimal intracellular K + /Na + ratio under saline conditions, accumulation of excessive amounts of Na + in the cytosol should be prevented, along with retention of physiological concentrations of cytosolic K + . However, our understanding of how this is achieved is rather limited.
At the cellular level, maintenance of low cytosolic Na + may be achieved through several major strategies. One is to restrict unidirectional Na + uptake by roots (which is mediated mostly by non-selective cation channels, NSCC: Demidchik and Tester, 2002; Essah et al., 5 2003; Demidchik and Maathuis, 2007) . Another is active Na + extrusion from the cytosol to the external medium (mediated by plasma membrane-located Na + /H + antiporters: Blumwald et al., 2000; Shi et al., 2002; Shabala et al., 2005) , and vacuolar compartmentation of Na + (via tonoplast-located Na + /H + antiporters; Apse et al., 1999; Blumwald, 2000; Zhang and Blumwald, 2001 ). The latter also contributes to cell osmotic adjustment thus providing a lower cellular osmotic potential under hypertonic conditions of salt stress. At the whole-plant level, prevention of Na + transport to the shoot (Tester and Davenport, 2003) , and perhaps also recirculation of Na + back to the roots through the phloem (Lohaus et al., 2000; Nublat et al., 2001; Berthomieu et al., 2003) appear to be crucial for salinity tolerance. Most glycophytes have a poor ability to exclude salt (Niu et al., 1995; Munns, 2002) and there is apparently a strong correlation between Na + exclusion and salinity tolerance in many species (Tester and Davenport, 2003; Munns, 2005) .
The high cytosolic K + /Na + ratio may also be achieved by efficient cytosolic K + homeostasis. Under saline conditions, the plasma membrane is strongly depolarized (by 60-80 mV; Shabala et al., 2003 Shabala et al., , 2005 Shabala et al., , 2006 Cuin and Shabala, 2006) . Although this reduces the electrochemical driving force for Na + uptake, the more important effect of this depolarization is to cause a drastic K + efflux from both root (Chen et al., 2005; Cuin and Shabala, 2005) and mesophyll (Shabala, 2000; Shabala et al., 2006) cells, substantially reducing the cytosolic K + pools (Carden et al., 2003; Cuin et al., 2003; Shabala et al., 2006) and compromising the metabolic competence of the cell. Increased uptake of K + is difficult to attain under saline conditions (due to direct competition from Na + for K + -binding sites on transport systems and also to a reduced electrochemical potential difference for passive K + uptake). Hence, prevention of K + loss from cells appears to be crucial for maintaining cytosolic K + concentration.
We have previously reported a strong correlation between the ability of young barley seedlings to restrict NaCl-induced K + release and the salinity tolerance of mature plants, as measured by various physiological parameters (Chen et al., 2005) . In a larger sample, the K + release from 3-day old seedlings of nearly 70 barley cultivars was also found to correlate significantly with major physiological and agronomical indices of adult plants (Chen et al., 2007) . Genetic analysis has suggested that barley salinity tolerance, based on NaCl-induced K + efflux, is under polygenic control -mainly by additive genes, with relatively smaller dominant and epistatic effects (Chen et al., unpublished) . However, the specific ion transporters determining differential salt-sensitivity among genotypes and the control modes of these 6 transporters were not investigated.
This issue was addressed in this study. A range of biophysical measurements (membrane potential, non-invasive MIFE ion flux, patch-clamp and radiotracers) and physiological and biochemical assays were applied to several barley cultivars contrasting in their salinity tolerance (Chen et al., 2005) . Our results show that the superior ability of salt-tolerant cultivars to retain K + is determined by several factors. They are consistent with the idea of the cytosolic K + /Na + ratio being a key determinant of plant salinity tolerance, and suggest multiple pathways of controlling that important feature in salt-tolerant plants.
Results
Six contrasting barley varieties were employed throughout this study. These clustered into two distinct groups: (1) salt-tolerant -CM72, Numar and ZUG293 and (2) salt-sensitive -Gairdner, Franklin and ZUG403 (as illustrated in Fig. 1A ; see also Chen et al. 2007 for yield statistics).
When measured at the 3-d old stage, salt-tolerant genotypes showed a significant, 3-fold higher (P < 0.01) ability to retain K + in the root by minimizing NaCl-induced K + efflux from epidermal cells (Fig. 1B) . The magnitude of NaCl-induced K + loss showed a high correlation with salinity tolerance using conventional physiological and agronomical indices (Chen et al., 2007) . Under severe (320 mM) salinity stress, salt-sensitive genotypes failed to produce any seed, while salt-tolerant ones attained approximately 15% the grain yield of the control (Chen et al., 2007) . NaCl-induced K + loss was significantly ameliorated by the addition of 1 mM Ca 2+ (a concentration typically found in a soil solution; Tisdale et al., 1993) , in both salt-tolerant and salt-sensitive genotypes (Fig. 1C) . However, regardless of the Ca 2+ concentration used, salt-tolerant varieties showed much a better K + retention ability compared with salt-sensitive ones (Fig. 1C) 1997; Shabala et al., 2006) . Thus, the different K + retention ability of barley roots of contrasting genotypes might be related to a difference in their ability to maintain the plasma membrane potential (E m ) after the imposition of salt stress. The E m of five genotypes was measured using conventional microelectrode impalement. Application of 80 mM NaCl caused an immediate and rapid depolarization by about 70 mV (Fig. 3A) . Despite some recovery, the depolarized E m was maintained, allowing us to compare the magnitude of E m of all the cultivars before (2-4 min), and after (25-30 min), salt stress. This depolarization was significantly (P < 0.01) greater in salt-sensitive than in salt-tolerant genotypes ( Fig. 3B ) and strongly (r 2 = 0.93, P < 0.01) correlated with net K + flux. Notably, the E m of salt-sensitive cultivars was ~ 10 mV more positive than the E m of salt-tolerant varieties when measured under control conditions (Fig. 3B ).
This issue was addressed directly by measuring ATP hydrolytic activity from plasma membrane (PM) vesicles isolated from the microsomal fraction of roots (Fig. 4A ). The two salt-sensitive genotypes, Gairdner and ZUG403, had the lowest level of PM H + -ATPase activity (5-fold lower than salt-tolerant CM72 and Numar). At pH 6.5 a strong correlation (r 2 = 0.85) between PM H + -ATPase activity and NaCl-induced changes in E m was found (Fig. 4C ).
Western blot analysis demonstrated that the observed difference in PM H + -ATPase activity could not be explained by a difference in enzyme level (Fig. 4B) , implying that the observed 8 differences in H + pumping are the result of a post-translational modification of activity. This suggests that a higher specific PM H + pump activity is a characteristic of salt-tolerant varieties.
Salt-tolerant genotypes accumulate less Na + , but do not differ in unidirectional Na + uptake
A reduced Na + influx in salt-tolerant genotypes is another potential contributor to their better maintenance of membrane potential in saline conditions. We measured unidirectional 22 Na + influx in response to sudden salt shock ( Fig. 5A ) and after 24 h of salt treatment (Fig. 5B ).
Rapid accumulation of 22 Na + was measured in all genotypes upon addition of 80 mM NaCl, with 22 Na + influx gradually decreasing during the first 20 min (Fig. 5A ), while a relatively steady 22 Na + influx was observed after 24 h of NaCl pre-treatment (Fig. 5B ). However, no clear difference between contrasting cultivars was evident either immediately upon NaCl treatment, or after 24 h (Fig. 5A, B ).
Solution depletion experiments showed that salt-tolerant genotypes were able not only to loose approximately 80% less K + (Fig. 6A ), but also to reduce significantly (by ~ 40%; P < 0.05) net root Na + uptake compared with salt-sensitive genotypes (Fig. 6B ). This implies that, given they have the same Na + unidirectional influx as salt-sensitive varieties, salt-tolerant genotypes have a higher capacity to extrude the Na + actively back to the external medium. This hypothesis was further tested by measuring Na + concentration in the flag leaf sap of each of the six barley genotypes exposed to longer-term salt treatment (Fig. 7) . As expected, salinity stress resulted in a substantial (10 to 14 fold) increase in the leaf sap Na + content (Fig. 7) .
Interestingly, salt-tolerant varieties showed relatively constant sap Na + levels, regardless of the duration of salt treatment (at around ∼ 300 mM Na + ; Fig. 7B ). On the contrary, three salt-sensitive varieties showed a progressive accumulation of Na + in the flag leaf (Fig. 7B) . As a result, after 8 days of 320 mM NaCl treatment, salt tolerant varieties had slightly larger quantities of Na + in the leaf sap (308 ± 10 and 255 ± 10 mM (n = 12) for salt-tolerant and salt-sensitive group, respectively; significant at P < 0.05). Four weeks exposure to salt stress however, resulted in salt-sensitive varieties accumulating 35% more leaf sap Na + than salt-tolerant ones (455 ± 17 and 337 ± 5 mM (n = 12), respectively; significant at P < 0.05; Fig.   7B ).
The above experiments were conducted under low (0.1 mM) external Ca 2+ conditions. Gairdner as compared to CM 72 resulted in a stronger suppression of KOR current at less depolarizing potentials (by 91% and 85% at 0 mV, respectively).
Analysis of the occurrence (percentage of successful recordings in the total number of protoplasts recorded) and current densities of KOR channels for two contrasting genotypes, salt-sensitive Gairdner and salt-tolerant CM72, suggest that, despite having a slightly higher percentage of KOR channels in the salt-sensitive genotype (37% vs 30% of the total protoplast population studied, n = 70, 37 respectively; Fig. 9A ), the actual current density through KOR channels was slightly higher in the protoplasts from the salt-tolerant variety CM72 (Fig. 9A ).
As a result, the overall K + current through KOR channels per protoplast was not significantly different between the contrasting varieties ( Fig. 9A ). Also, no significant difference in KOR voltage-gating was found between contrasting genotypes (Fig. 9B ).
Discussion
Most authors agree that K + /Na + homeostasis is a key feature of plant salinity tolerance (Gorham et al., 1990; Rubio et al., 1995; Dubcovsky et al., 1996; Maathuis and Amtmann, 1999; Volkov and Amtmann, 2006; Cuin and Shabala, 2006) . Carden et al. (2003) found that a salt-tolerant barley cultivar was better at maintaining root cytosolic K + under saline conditions compared with a salt-sensitive variety. However, most work has only considered whole cell or whole tissue cation contents.
Increased salinity tolerance has been reported in transgenic plants expressing the yeast Activity of a plasma membrane Na + /H + exchanger, but not Na + uptake systems, contributes to differential salinity tolerance in barley
Several pathways for Na + uptake across the plasma membrane have been identified recently using electrophysiological (patch-clamp) and molecular genetic approaches. The major route for Na + uptake into the root is believed to be through non-selective cation channels (NSCC), (Fig. 5A, B) . At high Ca 2+ levels (10 mM) however, unidirectional 22 Na + influx in salt-tolerant genotypes was reduced (Fig. 5C ). During the first 5 min of salt-supply, salt-sensitive genotypes accumulated on average 31% more Na + than salt-tolerant ones ( Fig. 5C ; P < 0.05). This suggests that supplemental external Ca 2+ is better able to regulate NSCC in salt-tolerant genotypes. This is consistent with Davenport et al. (1997) who showed that in wheat, Na + influx into roots was more sensitive to 10 mM Ca 2+ in salt-tolerant cultivars compared with salt-sensitive ones. between salt-sensitive and -tolerant genotypes after 1 h of NaCl treatment ( Fig. 2A) , it would be logical to propose that contrasting salinity tolerance between the genotypes is determined (at the genetic level), by the different occurrences of plasma membrane KOR channels.
Surprisingly, patch-clamp experiments on two contrasting genotypes revealed no major difference in KOR channel occurrence. Moreover, salt-tolerant genotypes showed slightly higher KOR-mediated K + current density (Fig. 9A) . As a result, at a given membrane potential, the KOR-mediated K + current per protoplast was not significantly different between the contrasting varieties. In addition, no significant difference in KOR voltage dependence was found in the whole cell mode between salt-sensitive (Gairdner) and salt-tolerant (CM72) cultivars (Fig. 9B) .
Based on the slope of the voltage-dependence, a 20 mV depolarization difference, as found between the contrasting cultivars ( Fig. 3B) , will cause up to a 3-fold difference between
their KOR channel open probability. Combining this with the 20 mV difference in driving force for K + , the difference in K + outward current through KOR channels may indeed equal the difference in the NaCl-induced K + efflux observed between Gairdner and CM72 cultivars ( parenchyma (Wegner and Raschke, 1994; Wegner and De Boer, 1999 8C ) and yet net K + fluxes were suppressed by ~20% and 50% of control fluxes (Fig. 2) , respectively), and (2) the difference in NaCl-induced K + efflux between salt-sensitive and salt-tolerant barley cultivars mainly reflects the difference in NaCl-induced membrane depolarization, which may, in turn, be primarily determined by the activity of plasma membrane H + -transporting ATPases.
Physiological implications and prospects for breeding
Plant salinity tolerance is a polygenic trait with contributions from genetic, developmental, and physiological interactions, in addition to interactions between the plant and its environment. In this study we show that multiple mechanisms are well combined in salt-tolerant barley genotypes, enabling them to withstand saline conditions. In addition to efficient Na + extrusion , could all contribute to improving salinity tolerance in barley, and other crops as well. These characters could be introgressed into commercial varieties by marker-assisted selection or by using transgenic methods.
Materials and Methods

Plant Materials and growth conditions
Six barley genotypes (three salt-tolerant -CM72, Numar and ZUG293; and three salt-sensitive In both cases, 0.5 mM KCl and 0.1 mM CaCl 2 was used as the bath or hydroponic solution. For leaf sap Na + analysis, barley plants were grown semi-hydroponically in a glasshouse. Growth medium and condition were previously described in Chen et al. (2005) . 320 mM NaCl treatment, added to three-week old plants, was reached by starting at 80 mM NaCl with a 40 mM daily increment. Salinity treatment lasted for four weeks.
Ion depletion experiments
Net Na + uptake and K + loss from barley roots were studied in depletion experiments. Roots of ten intact 3-d old seedlings were immersed in a plastic vial with 10 ml saline solution (80 mM NaCl, 0.5 mM KCl, and 0.1 mM CaCl 2 ), and aerated with an aquarium air pump. Seedlings were kept at 25 °C in the dark for 24 h, then roots were blotted dry, cut and weighed. Na + and K + concentrations in the remaining solution were determined using flame photometry, and net Na + uptake and K + loss were calculated on a fresh weight basis. Two independent experiments were conducted with three replicates per cultivar in each experiment. 
Leaf sap Na + concentration
Measurement of tissue Na + concentration was described by Cuin and Shabala (2005) . Flag leaves were collected into 1.5-ml microcentrifuge tubes and immediately frozen by liquid nitrogen. A basal opening in the tube allows cell sap but not tissue fragments to pass through to a collection tube. The sample was then thawed and spun for 3 min at 11,000×g in a microcentrifuge. The collected sample was measured for its Na + concentration (in mM) using a flame photometer.
K + flux measurements
Net K + fluxes were measured at the mature root zone, about 10 mm from the root tip, using the non-invasive ion-selective microelectrode MIFE technique (University of Tasmania, Hobart, Australia) essentially as described by Shabala et al. (1997; 2003) . 
Na + influx measurements
Na + influx was measured using 22 Na + radiotracer essentially as described by Essah et al. (2003) .
Entire root systems of 3-d old seedlings were excised from the shoot (to eliminate potential complications arising from transpiration), and used for experiments immediately after blotting with tissue paper. To determine the steady-state Na + influx (avoiding the effects of sudden salt-shock), seedlings were pre-treated for 24 h in the saline solution. 10, and 20 min). On average, ten roots per treatment were measured for each duration. At the end of the influx period, roots were blotted dry and transferred into 500 ml of ice-cold 80 mM NaCl plus 10 mM CaCl 2 for two successive rinses of 2 min and then 3 min to displace any apoplastic 22 Na + . All solutions were stirred on gently moving shakers at 45 rpm. Roots were blotted gently, rapidly weighed, and transferred to plastic vials containing 2.5 ml scintillation cocktail (Optiphase Hisafe, Fisher Chemicals, Loughborough, UK). Samples were counted with a liquid scintillation counter (Beckman coulter LS6500, Fullerton, CA, USA).
Membrane potential measurements
Conventional 
Protoplast isolation for patch-clamping
An effective protocol for the quick isolation of root epidermal protoplasts was developed by modifying the previously described protocols used for mesophyll protoplasts (Demidchik and Tester, 2002; Shabala et al., 2006) . The advantages of the method are: (1) short preparation time (~30 min altogether); (2) minimum contamination of the measuring chamber by cell debris; (3) direct release of the fresh protoplasts into the measuring chamber, without any centrifugation step (hence with minimal disturbance to protoplasts); and (4) a fresh isolation for each patch-clamp measurement (hence, higher success rate of gigaohm seal formation).
According to the protocol developed, a 3-d old barley seedling was removed from the growing container. Seminal roots were cut at about 5 mm below the seed, and their apical 7-10 mm were also cut and discarded. The remaining segments were cut into ~ 10 mm lengths and split longitudinally under a dissecting microscope. Split root segments were placed into 3 mL of the enzyme solution containing 2% [w/v] MES. All chemicals and reagents were purchased from Sigma unless specified otherwise. The osmolality of the enzyme solution was adjusted to 760-800 mOsM with mannitol. After 20-25 min of incubation in the enzyme solution (in the dark at 30 °C; agitated on a 90 rpm rotary shaker), root segments were transferred to the so-called "wash solution" (as above, minus enzymes) and thoroughly washed for another 2 min. Segments were then transferred into the measuring chamber filled with "release solution" (10 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 ; 2 mM MES, pH 5.7; osmolality 380 mOsM). By gently shaking the plasmolysed and digested root tissue, protoplasts were released into the measuring chamber. Root tissues were removed from the solution, and the chamber was then perfused with the bath solution used for patch-clamp experiments (see next section), removing all protoplasts that were not attached to the bottom of the measuring chamber.
The above protocol provides protoplasts from entire roots. We wished to use epidermal protoplasts for optimal match with the E m and flux studies. To the best of our knowledge, no suitable tissue-specific staining technique is available for barley to provide specific tissue identification. As a result, protoplast selection for patch-clamp experiments was based on the protoplast diameter (~ 20 µm), which is indicative of epidermal origin. To justify this choice, separate experiments were undertaken. Protoplasts were isolated from (i) the whole root; (ii) isolated root epidermis; (iii) stele; and (iv) cortex. Overall, more than 5000 protoplasts were measured (Supplemental Table 1 ). Our results showed that cortical protoplasts were twice as large as those isolated from epidermal or stele tissues, thus they could be easily distinguished and avoided in patch experiments. Accordingly, protoplasts isolated from the whole root showed a clear bimodal distribution in diameter (Supplemental Fig. 10 ). The average diameter of stele and epidermal protoplasts, however, was somewhat similar (Supplemental Table 1) and close to the 20 µ m size chosen (Supplemental Fig. 10 arrow) for patch experiments.
However, the yield of stellar protoplasts was much lower (only 6% compared with epidermal ones), perhaps due to the lignification pattern of the stele making it almost inaccessible to enzymes during the digestion. Therefore, although we cannot exclude the possibility that some protoplasts measured in our study originated from the xylem parenchyma, the proportion of them is low (~ 6%; Supplemental Fig. 10 and Table 1 ). 
Patch-clamp experiments
Barley root protoplasts of 14 to 22 µm diameter were patch-clamped in the whole-cell mode.
GΩ resistance seals were obtained in the bath solution containing (in mM): 1 to 2 CaCl 2 , 5 KCl, voltage pulses were applied in 20 mV steps, from -160 mV to +80 or + 100 mV. Typical access resistance was 11-32 MΩ, and mean whole cell capacitance, 11.9 ± 0.8 and 11.0 ± 1.0 pF for Gairdner and CM72 protoplasts, respectively.
Isolation of plasma membranes for PM H + -ATPase assay
Barley roots (5 to 12 g fresh weight) were rinsed with bathing solution or water to remove the vermiculite. Roots were then homogenized in 200 ml buffer (250 mM Tris-HCl pH 8.0, 300 mM sucrose, 25 mM EDTA, 5 mM DTT, 5 mM ascorbate, 0.6% polyvinylpyrrolidone and 1 mM phenylmethylsulfonyl fluoride (PMSF)) containing phosphatase inhibitors (25 mM NaF, 1 mM NaMo, 50 mM Na-pyrophosphate). Plasma membranes were isolated from the microsomal fraction (30,000 × g) by partitioning at 4 °C at an aqueous polymer two-phase system (9 g + 3 g) composed of 6.3% (w/w) dextran T500 (Amersham Biosciences, GE Healthcare, Copenhagen), 6.3% (w/w) polyethylene glycol PEG 1500 (Sigma, Copenhagen), 330 mM sucrose, 5 mM potassium phosphate pH 7.8, 3 mM KCl, 0.1 mM EDTA and 1 mM DTT (Palmgren, 1990; Larsson et al., 1994) . The final plasma membrane pellet was suspended in 330 mM sucrose, 5 mM potassium phosphate pH 7.8, 50 mM KCl, 5 mM EDTA. Means ± SE (n = 8-13). 
